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A component of the dark matter could consist of two darkly charged particles with a large mass
ratio and a massless force carrier. This ‘atomic’ dark sector could behave much like the baryonic
sector, cooling and fragmenting down to stellar-mass or smaller scales. Past studies have shown that
cosmic microwave background and large-scale structure constraints rule out & 5% of the dark matter
to behave in this manner. However, we show that, even with percent level mass fractions, a dark
atomic sector could affect some extragalactic and galactic observables. We track the cooling and
merger history of an atomic dark component for much of the interesting parameter space. Unlike
the baryons, where stellar feedback (driven by nuclear physics) delays the formation and growth of
galaxies, cooling dark atomic gas typically results in disks forming earlier, leaving more time for their
destruction via mergers. Rather than disks in Milky Way sized halos, we find the end product is
typically spheroidal structures on galactic scales or dark atom fragments distributed on halo scales.
This result contrasts with previous studies, which had assumed that the dark atoms would result in
dark disks. Furthermore the dark atoms condense into dense clumps, analogous to how the baryons
fragment on solar-mass scales. We estimate the size of these dark clumps, and use these estimates
to show that viable atomic dark matter parameter space is ruled out by stellar microlensing, by the
half-light radii of ultra-faint dwarf galaxies, and by Milky Way mass-to-light inferences.
I. INTRODUCTION
Observations of the cosmic microwave background
(CMB) and the large-scale distribution of galaxies indi-
cate that only 20% of the matter in the cosmos is baryonic
and that the rest is some other substance, termed dark
matter [e.g. 1]. The baryonic sector is highly collisional
and efficient at radiating energy, resulting in complex dy-
namics. Atomic and bremsstrahlung emission allow the
baryons to cool and form a disk within Milky Way-sized
halos. Further cooling, often by molecules, allows the
baryons to lose pressure support and fragment all the
way down to stellar masses, with this mass scale deter-
mined by how far sound waves are able to travel within
a collapse time. Dark matter, on the other hand, is typi-
cally imagined to only weakly interact (with itself or the
baryonic sector). As a result, the densest bound struc-
tures that dark matter forms, dark matter halos, are a
factor of ∼ 100 more extended than the galaxy disks that
reside within them [2–4].
This scenario of diffuse, non-interacting dark matter
has met with tremendous success at explaining the large-
scale structure of the cosmos [1, 5], the distribution
of matter in galaxy groups and clusters [6], and limits
on the interaction cross section in astrophysical systems
[7, 8]. However, studies have claimed that this vanilla
dark matter model may not explain certain anomalies
on < 100 kpc scales [9–11], although see [12, 13]. Moti-
vated by explaining these small-scale anomalies and by
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the fact that the baryonic sector is so physically rich, a
multitude of studies have imagined a more complex dark
sector. Dark matter models with a new dark force that
enhances annihilations [14], large self interactions [15–
17], and interactions with baryons [8] have been consid-
ered in detail. Several studies have considered the possi-
bility that of ‘atomic’ dark matter, where a component
of the dark matter consists of charged particles with an
MeV-mass dark ‘electron’ [18–21]. This scenario leads to
complex cooling physics analogous to the baryonic sec-
tor. Fan et al. [19] argued that the “dark atoms” would
cool into a dark disk, leading to a new set of observables.
Such observables include signatures of additional dissi-
pation in observations of galaxy cluster mergers and an
unexpected velocity distribution function in direct dark
matter detection experiments [22, 23].
Various observables have been used to constrain the
fraction of the dark matter that could be atomic. Dif-
fuse, darkly charged dark matter is constrained by self-
interaction limits from the Bullet Cluster to be < 30% of
the dark matter [7]. However, if this matter had cooled
and fragmented into dense nuggets, the atomic dark mat-
ter would behave collisionlessly, avoiding this bound. A
more robust bound comes from the early Universe. If
the dark atoms were coupled to the thermal bath at any
time in the early universe, there would also be a dark
CMB. The dark CMB with a temperature today of Td0
would drag around the dark atoms, damping the growth
of their overdensities and generating acoustic oscillations
in their clustering [24]. CMB and galaxy clustering ob-
servations show no evidence for such damping or oscilla-
tions. If 100% of the dark matter were atomic, the only
viable parameter space has a dark CMB temperature of
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2. 0.3 Kelvin or a dark electron that is more massive than
the Standard Model electron [25]. However, almost all
atomic dark matter parameter space is allowed if . 5%
of the dark matter were atomic, as considered here.
This study develops more physical models for the
structure formation and astrophysics of dark atoms.
These models show that the assumption of previous stud-
ies that dark atoms end up in galaxy-scale disks is rarely
justified and, hence, neither are the constraints derived
from this assumption. We do find that such modeling
predicts the dark atoms to clump on certain character-
istic scales, opening up new avenues for constraining the
atomic dark matter parameter space. We show that ob-
servations of dwarf galaxies, galaxy rotation curves, and
stellar microlensing may allow percent-level constraints
on the fraction of dark matter in some parts of atomic
dark matter parameter space.
Following Fan et al. [19], the atomic dark matter mod-
els we consider have the following properties
• The “dark proton” is much heavier than the “dark
electron”. We consider dark proton masses of
1 GeV < mX < 10 GeV, and dark electron masses
of 10−2 GeV < mc < 10−5 GeV. The subscript
c stands for ‘coolant’ as a light dark electron is
critical for cooling. The ‘dark proton’ and ‘dark
electron’ only have dark electromagnetic interac-
tions through a massless dark photon γD with
the dark fine structure constant αX in the range
10−3 − 10−1. We show that these ranges for mc,
mX , and αX cover much of the interesting param-
eter space where energy exchange and cooling is
possible.1
• Dark atoms comprise  = 5% percent of the dark
matter. We do not expect our qualitative conclu-
sions to change for order of magnitude larger or
smaller values.2
• The ratio of temperature of dark CMB photons to
standard model (SM) CMB photons, ξ ≡ Td0Tγ0 =
0.5. Current CMB measurements of the effective
relativistic degrees of freedom require ξ ≤ 0.5 [1],
and the constraints from large-scale structure are
somewhat more stringent [25]. Our conclusions are
unchanged if instead ξ  0.5, except in the rela-
tively small part of parameter space where Comp-
ton cooling is the primary coolant.
1 The upper bound on αX is chosen to keep dark electromagnetic
interactions weak, allowing us to use standard results for atomic
processes.
2 The cooling times scale as ∝ −1, often quite a bit smaller than
the lifetime of the halo. Changing  would change slightly the
regions of our parameter space that can cool efficiently, it would
not affect our qualitative conclusions regarding galaxy morphol-
ogy significantly.
• Finally, we adopt a minimalist model for the dark
sector in which there is no feedback on the distribu-
tion of dark atoms. This largely means that there
are no dark ‘supernovae’ or something of the like
(which would likely be the case if there is no nu-
clear physics in the dark sector). We will comment
further on this assumption.
Note that although we have used dark atoms as an
example in this paper, our methodology is applicable to
any model where radiative cooling is efficient.
This paper is organized as follows. In Section II, we
will discuss dark atomic cooling processes. We will also
recap the cooling processes described in Fan et al. [19],
and add atomic cooling to the mix. In Section III, we
will discuss hierarchical galaxy formation, and we will
describe the rules that determine the halo and galactic-
scale distribution of atomic dark matter. We will then
compute the distribution of structure for much of the
interesting dark atom parameter space. In Section IV,
we will discuss the final clump size of the dark atoms,
structures analogous to the stellar mass fragments of the
baryons called stars. Finally, Section V uses the previous
calculations and astrophysical observations to rule out
atomic dark matter parameter space. Our calculations
assume a ΛCDM cosmology with Ωb ≈ 0.04, ΩDM ≈ 0.26,
h = 0.71, ns = 0.95 and σ8 = 0.8, consistent with the
most recent CMB measurements [1].
II. RELEVANT TIMESCALES FOR THE DARK
ATOMS
This section calculates the rate at which dark atoms
exchange energy, collapse, and can cool. These rates
are crucial for understanding how these atoms condense.
Most of our discussion concentrates on cooling as there
are many processes by which dark atoms can cool: Comp-
ton scattering off of the dark CMB, bremsstrahlung,
atomic transitions, and even molecular ones.(We consider
molecular cooling in a later section.)
The number density of dark protons in a virialized halo
at redshift z is given by
nc(z) =
ρm,0∆halo(1 + z)
3
mX
, (1)
where  is the fraction of dark matter that is in dark
atoms, ρm,0 is the present day dark matter density, and
∆halo is the halo density in units of the critical density
(taken here to be the spherical collapse result in Einstein
de-Sitter universe, i.e. ∆halo = 18pi2; Gunn and Gott
2). An important timescale associated with a virialized
halo is it’s dynamical time which is the characteristic
time needed to fall to the center of a halo (and roughly a
tenth the Hubble time). The dynamical time is given by
tdyn = (8piGρm)
−1/2 (2)
3where ρm is the matter density of the system. For a
virialized halo at redshift z, ρm = ρm,0∆halo(1 + z)3. We
will need the dynamical time later to compare it to the
lifetime of the halo to make sure the halo cools.
Dark atoms that fall into halos likely shock heat to the
virial temperature of the halo given by [e.g. 26]
Tvir =
1
5
(
4pi
3
)1/3
GM
2/3
halom
4/3
X 
−1/3n1/3c , (3)
where Mhalo is the halo’s mass. At these virialization
shocks, the dark protons kinetic energy increases first
(since they carry most of the momentum).3 Next, the
dark protons, whose entropy is increased by the shock,
must exchange energy with the dark electrons. This
equilibration happens via particle-particle collisions on
a timescale of4
tequil =
mX
2
√
3piα2Xnc
(
3Tvir
mc
)3/2
log−1
(
1 +
T 2vir
4α2Xn
2/3
c
)
.
(4)
Since the dark electrons radiate, they must be able to
exchange energy with the shock heated protons. This
process is efficient if tequil is smaller than the lifetime of
the halo, which we define more specifically later.
Atomic cooling can happen through the processes of
Compton cooling, bremsstrahlung and collisional excita-
tion of atomic lines. The cooling time – the time for
an average electron to radiate its thermal energy – for
Compton cooling and bremsstrahlung are given by
tbrem =
9
25
(
3pi
2
)1/2
m
3/2
c T 1/2
α3Xn(z)x
2
;
tComp =
135
64pi3x
m3c
α2X (Td0 (1 + z))
4 , (5)
where Td0 is the temperature of dark CMB today, x is the
fraction of unbound dark electrons and we have set the
bremsstrahlung Gaunt factor to unity. (For the standard
model, the Gaunt factor differs from unity by tens of
percent.) In the next section, we evaluate cooling times
at the characteristic densities and temperatures of halos
as given by Eqs. 1 and 3 respectively.
The cooling times are appreciably fast only in the case
where Tvir > 0.1BX , where BX =
α2Xmc
2 is the binding
3 A concern is whether this shock heating would happen if the dark
matter is less interactive than the baryonic sector. However,
even if the Coulomb mean free path is long compared to the
system, electromagnetic interactions tend to mediate shocking
on considerably smaller scales for the case of standard baryons.
We expect this result will also hold for dark atoms, even for dark
parameters that are orders of magnitude away from those for our
baryons.
4 It is possible that collective plasma processes could mediate en-
ergy exchange on shorter timescales.
energy of the dark atoms. In this scenario the gas will
ionize, whereas in cases where Tvir < 0.1BX , the gas will
not ionize and hence not be able to cool.
Another important coolant that has not been included
in previous atomic dark matter models is from collisional
excitation of atomic lines. The atomic cooling rate of the
dark plasma is more complex than bremsstrahlung and
Compton cooling and given by Eq. A4 in Appendix A.
Atomic cooling – radiation that results from collisions
between atoms and electrons – tends to be important at
temperatures within a factor of few from ∼ 0.1BX as
at lower temperatures the gas is neutral and at higher
temperatures it is highly collisional ionized; only over a
relatively narrow range of temperatures is there sufficient
density of ions and neutral atoms for this process to be
efficient. At temperatures Tvir & BX , x(1−x) ≈ 2〈σrecv〉〈σionv〉 .
We can use this to estimate the atomic cooling time to
be
tatomic (T > BX) ' 9
25
(3pi)
1/2 T
2
α6Xn(z)
. (6)
Comparing this cooling time to that of bremsstrahlung,
we find tatomictbrem '
(
T
BX
)3/2
, again noting that BX =
α2Xmc/2. Thus, atomic cooling is more efficient for
Tvir ∼ 0.1α2Xmc and less efficient at T & BX .
Fig. 1 shows the fraction of gas that ‘cooled’ – radi-
ated away its thermal energy – in a z = 0 Milky Way-
mass halo (Mhalo = 1012M) in a universe with only one
cooling mechanism, either bremsstrahlung, Compton, or
atomic. The method used to calculate the fraction of
cooled gas is described in the next section, but in short
it tracks the formation history of the final halo (such as
Tvir of its daughter halos) and uses the timescales defined
in this section to evaluate whether the gas can cool. Re-
member that the interesting parameter space for atomic
dark matter models are where cooling occurs. Cooling
becomes less efficient for lower αX and higher mc for
Compton and bremsstrahlung, as expected from Eq. 5.
For atomic cooling, the cooling rate from Eq. 6 goes as
goes as α−6X if Tvir > BX , which explains the sharp tran-
sition into inefficient atomic cooling at low αX . Cooling
also becomes inefficient when the maximum virial tem-
perature achieved is less than 0.1BX i.e. where the dark
atoms never ionize. Unlike bremsstrahlung and Compton
cooling, atomic cooling becomes the dominant coolant as
mc increases (see Eqs. 5,6). For atomic dark matter with
the same masses and fine structure constant as the stan-
dard model, it is the most important coolant (with most
of the cooling occurring in smaller daughter halos at high
redshifts).
Also shown in Fig. 1 are the regions where
bremsstrahlung and Compton cooling times are lower
that the age of the Universe, calculated assuming a
1012M at z = 2, and where the virial shock likely ion-
izes the gas (Tvir ≥ 0.1BX). These curves were used in
Fan et al. [19] to determine whether the gas cools into a
disk. Our more detailed calculations show rough consis-
4tency with their results, although in the next section we
show that most of the cooled gas does not end up in a
disk.
III. DARK GALAXY FORMATION
Previous work on atomic dark matter has argued that,
if this component of the dark matter cools, it naturally
forms a galaxy-scale disk [19]. This conclusion is not ob-
vious. Newly accreted atomic dark matter ‘gas’ tends to
shock heat and smoothly populate the entire halo that
surrounds a galaxy (which is more than an order of mag-
nitude larger than the size of a galaxy). Cooling then
leads to the gas condensing, since it has lost pressure sup-
port. Since free fall to the center of halo takes a some-
what smaller amount of time than collapse, as the gas
cools it condenses into the center of the halo, forming a
disk whose size is determined largely by angular momen-
tum conservation.5 Finally, the likely end result of cool-
ing is compact gas fragments that behave collisionlessly
(as discussed in Section IV), analogous to how baryonic
matter fragments into stars. Over the cosmic history,
halos are continually merging and growing. The central
disks inside merging halos often merge themselves, dis-
rupting the disks and making them more spheroidal in
shape. Such disruption is the reason why more massive
galaxies than the Milky Way tend to not be disky but
instead more spheroidal.
Astrophysicists have developed fast semi-analytic
methods to follow the formation of galactic structures
without running expensive numerical simulations [27, 28].
Running such cosmological simulations that cover the
large parameter space of atomic dark matter would be
prohibitive, and so these fast methods are crucial for this
study. We describe a basic semi-analytic implementa-
tion below, and use it to understand the distribution of
atomic dark matter within dark matter halos.
A. Formalism
Structure formation in our universe has a bottom-up
hierarchy. Smaller dark matter halos form earlier, and
these halos go on to merge with others, growing into
larger ones. Thus, the material that constitutes a z = 0
Milky Way-sized halo, at earlier times resided in smaller
5 The time to fall to the center is shorter by a factor of ∼ 1/2
than the condensation time. For this reason, cooling is not in-
situ on the scale of a halo, but instead pressure and viscous
forces result into the gas condensing into the halo center. In
addition, the large-scale tidal field is responsible for torquing
halos and imparting angular momentum. The amount of angular
momentum per unit binding energy only varies by a factor of a
few, so all disks and bulges have roughly the same size relative
to the halo virial radius [4].
halos. The extended Press-Schechter formalism provides
an analytic method to follow a halo’s merger history [29–
31]. This formalism reproduces the statistics of halo
merger histories seen in fully cosmological simulations
[32].
In the extended Press-Schechter formalism, a halo with
mass Mhalo = M is considered to have formed at a red-
shift of z if the z = 0 linear overdensity averaged over a
spherical region of mass scale M , δM , exceeds
ω(z) = 1.69/D(z). (7)
where D(z) is the linear growth factor for the matter
overdensity and ω(z) is the critical linear theory overden-
sity [2]. 6 (Note that this model is defined in Lagrangian
space, where there is a one-to-one relation between M
and the region’s Lagrangian radius.) The largest mass
scale for which δM > ω(z) sets the halo’s mass in this
model. At higher redshifts, D(z) is smaller and, hence,
δM > ω(z) for the same region is likely to be satisfied at
smaller M (as the RMS of δM decreases monotonically
with M), reproducing the bottom-up hierarchy of struc-
ture formation. This algorithm allows one to associate
a halo of mass M with the halos that constituted it at
an earlier time. Note that the statistics of δM are Gaus-
sian, which allows for straightforward analytic formula in
terms of the RMS of δM . See Appendix B for details.
While the merger tree provides the history of the colli-
sionless component of the dark matter, to understand the
condensation of the atomic dark matter, the rules gov-
erning this component are followed on top of the merger
tree. In astrophysics, similar calculations are done to fol-
low galaxy formation, and they are called ‘semi-analytic
galaxy formation models’. The exact algorithm used for
this computation is described in detail in Appendix B.
Here we briefly sketch the approach. To add galaxy for-
mation to this tree, we start at the end branches and
descend towards the trunk.7 Every time a merger oc-
curs, we determine whether the atomic dark matter in the
merged halo can cool by comparing its cooling time, dy-
namical time, and equilibrium time (tcool, tdyn and tequil)
to the halo lifetime (thalo)8, defined as the time for the
current halo mass to double through subsequent mergers
and accretion. If tcool, tdyn, tequil < thalo, we consider the
entire reservoir of dark baryons to have cooled. When the
gas within a halo cools, it forms a central disk (because
of angular momentum conservation). We further assume
6 Eq. 7 is exact for a matter-dominated Universe where D(z) =
a, where a is the scale factor. This equation is also a good
approximation for the ΛCDM cosmology. For this study we use
D(z) for matter-dominated universe, a simplification that does
not affect our conclusions appreciably.
7 After the initial time (z = 10 in our calculations), the tips of
the merger tree branches are set by the mass resolution of the
merger tree.
8 Mass of halos in which dark atoms are able to cool was also
explored in [33].
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FIG. 1: Fraction of gas that cools in a Milky Way-like halo (z = 0 and 1012M) in calculations with only
bremsstrahlung cooling, Compton cooling off the dark CMB, or atomic cooling (left, middle, and right panels
respectively). These calculations use the semi-analytic method described in Section III that follows the formation of
a halo and considers whether relevant timescales are such that the gas can cool. Atomic cooling – which has been
omitted in prior studies – allows more of the dark atom parameter space to cool. Also shown for comparison are the
regions where bremsstrahlung and Compton cooling times are lower that the age of the Universe, tuni, calculated
assuming a 1012M and z = 2 and where the virial shock likely ionizes the gas (Tvir ≥ 0.1BX). These curves were
used in Fan et al. [19] to determine whether the gas cools into a disk.
that this disk has fragmented into small clumps, which
will happen unless there is a strong source of feedback.
(More on feedback later as well as justification for our
assumption that it is likely unimportant for atomic dark
matter.) At the next time step, a halo may merge with
other halos. The central disks may be massive enough to
spiral together by dynamical friction (see Eq. B7 and pre-
ceding discussion of dynamical friction). If these central
disks are comparably massive, the gravitational torques
during their collision will destroy the disks, making the
mass distribution spheroidal (‘a bulge’) with an extent
comparable to the extent of the disk. (The clumps of
dark atoms behave collisionlessly and so there is no way
to reform a disk after a significant gravitational inter-
action.)9 If there is a significant mass ratio between the
merging disks, the larger disk will survive the merger and
the smaller disk will end up contributing to the bulge
component. If some gas is uncooled in the halos prior to
merging, the new conditions of the merged system (e.g.
Tvir and thalo) may allow cooling in the merged system.10
9 In our algorithm, the disk is destroyed if M2/M1 > fdisr, where
M1 andM2 are the masses of the merging galaxies andM1 > M2.
We choose fdisr = 0.5, but values of 0.3 ≤ fdisr ≤ 0.5 have been
used in literature. The results do not change appreciably for
values of fdisr of 0.3 and 0.5.
10 We ignore the torques between the baryonic disk and the dark
atom disk, which would require detailed modeling of the baryons
and their feedback. Since atomic dark disks form relatively late,
We track for each halo the fraction of gas that is un-
cooled, that is cooled, that is cooled in disks, or that is
cooled into bulges. After each time step, these quanti-
ties are combined and evolved with specific, physically
motivated rules. For the full algorithm, see Appendix B.
To give some intuition into whether the dark atoms
form a disk or more spheroidal structures, consider the
following scenarios:
Scenario 1 (No cooling): In the simplest scenario, the
dark atoms never cool. The gas stays in a virialized
state, filling the entire DM halo. There is no bulge
or disk.
Scenario 2 (Dark Bulge): This scenario occurs when
cooling is efficient. At some high redshift, the dark
atoms cool in small halos. Since cooling is a run-
away process, accelerating as gas gets denser, the
likely end product of cooling is a disk of gravitation-
ally bound objects (‘dark clumps’).11 This disk and
as discussed later, often the dark atom disks are more massive
than their baryonic counterpart for our models with  = 0.05,
which might justify ignoring such torques. We note that includ-
ing torques from the baryons will only further act to reduce the
(small) dark disk fractions in our model.
11 These clumps are the dark analogue to stars. In the baryonic
case, stellar feedback processes, such as supernovae, suppress
much of the gas from becoming stars. Minimal atomic dark mat-
ter scenarios likely do not have feedback processes.
6its more diffuse dark matter halo proceed to merge
with other halos. Upon merger with another halo,
the less massive of the daughter halos spirals to the
center of the more massive halo by dynamical fric-
tion (see Eq. B7). If galaxies of comparable mass
in those halos merge (a ‘major merger’), the dark
disks are disrupted and the cooled baryons form a
spheroidal bulge. Multiple minor mergers can also
give an appreciable bulge fraction.
Scenario 3 (Disk formation): A disk results only un-
der special circumstances where the gas is able to
cool but where cooling is relatively inefficient so
that it occurs late, after the most massive progeni-
tor halo– the ‘main progenitor,’ abbreviated MP –
has had its last major merger. We find that only a
small region of the parameter space forms a signif-
icant disk.
Scenario 4 (Dark halo): Finally, if cooling occurs in
small halos and these objects merge with much
larger halos so that the timescale for dynamical fric-
tion is long, then the dark clumps will stay in the
outskirts of the halo. This scenario is analogous
to the galaxies that orbit the potential of galaxy
clusters.
In reality, all three components (halo, bulge and disk)
can coexist and our calculations allow for this possibility.
B. Merger tree evaluation for SM parameters
To develop some intuition, first consider the case where
the dark atoms have Standard Model (SM) parameters:
αX = 1/137, mc = 5 × 10−4 GeV, mX = 1 GeV. The
halo mass resolution we adopt in our merger tree for these
and subsequent calculations is Mres = 3 × 107M, well
below the 1012M mass of the Milky Way. Our results
do not change appreciably if we take Mres = 108M.
The top panels in Fig. 2 show the mass and the virial
temperature of the main progenitor (MP) as a function of
redshift. The bottom-left panel shows the mass fraction
of gas that has cooled as a function of redshift, showing
that ∼ 70% of the gas has cooled by the present.
The bottom-right panel in Fig. 2 also shows the frac-
tion of the total mass in the disk and bulge components
of the MP, again for the case of SM parameters. At z = 0,
most of the baryons form a bulge component and there
is a negligible fraction in the disk. Following the history
of the MP, its cools to form a disk at z ≈ 10, but then
undergoes a major merger at z ≈ 4 destroying its disk
component. Subsequent mergers then contribute mostly
to the bulge (except for gas that cools which contributes
to the disk). As smaller systems merge with the MP,
most of their atomic dark matter ends up in the virial-
ized halo because the dynamical friction time is not short
enough to reach the center of the MP.
It may seem contradictory that the dark baryons with
SM parameters do not form a disk since SM baryons do
end up forming a disk for Milky Way-like halos. However,
we note that the SM case for dark atoms should not re-
produce the properties of observed galaxies because our
dark atoms do not have nuclear physics that feedback in
the form of additional radiation and supernovae. Such
feedback plays a significant role in recycling baryonic gas
that make it into a galactic disk back into the diffuse
dark matter halo. For example, even though the cooling
times are less than the age of the Universe, only 20%
of SM baryons associated with the Milky Way halo con-
dense into the Galaxy, and this fraction is even less in
both smaller and larger halos than the Milky Way’s halo
[34].
C. Scanning over the parameter space
Now that we have considered the specific case of
SM parameters, let us consider a broader range of
mc, αX , mX , focusing approximately on the interesting
range where cooling can happen. For the proton masses
we consider, mX = 1 GeV and 10 GeV. For dark elec-
tron masses we consider mc ⊂
[
10−2 GeV, 10−5 GeV
]
and fine structure constants of αX ⊂
[
10−1, 10−3
]
. The
upper bound on αX has been selected for the electron
to remain non-relativistic in dark atoms, while the upper
bound on mc is chosen because above this value the gas
never becomes ionized for the virial temperatures asso-
ciated with our choices of mX and, hence, likely cannot
cool. Values of mc lower than 10−5 GeV result in the
gas being photoionized by the dark CMB radiation to-
day, which complicates our calculations (as it eliminates
atomic cooling, makes Compton processes heat the gas
for T < Td0, and adds additional photoheating).
Figure 3 plots the cooled fraction (left panels), the disk
fraction (middle panels), and the bulge fraction (right
panels) of a z = 0 Milky Way-like halo, varying αX and
mc over the specified ranges and all calculations use our
fiducial  = 0.05. Note that the ‘graininess’ of the plot is
due to linear interpolation between values calculated for
a grid of points on a 11×16 grid, corresponding to a step
size of 0.2 in log10mc and log10αX. These calculations
average the results of five different merger trees.
The top panels in Fig. 3 show models with a dark pro-
ton mass of mX = 1 GeV. For the largest αX and mc
shown in these panels, the temperature never goes above
0.1BX and, hence, the dark gas is unable to cool. An ap-
preciable fraction of dark atoms end up in a disk around
the line given by T = BX for the final halo (such that
cooling occurs late). As can be seen the total cooled
fraction decreases with decreasing αX or increasing mc
as expected from the cooling rates described in Section
II. Only O(10%) parameter space forms an appreciable
disk. However a large part of the parameter space forms
an appreciable bulge fraction.
The bottom panels in Fig. 3 show that many of the
same trends hold for mX = 10 GeV case. One exception
is that cooling is less efficient owing to the larger virial
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FIG. 2: Properties of the atomic dark matter in the most massive progenitor halo as a function of redshift for a
z = 0 halo with a Milky Way-like mass of M = 1012M, for the case where the atomic dark matter has the same
masses and fine structure constant as the Standard Model baryons. The top left panel shows the mass of the main
progenitor as a function of redshift. The top right panel shows the virial temperature of the main progenitor and the
red line shows BSM = α2me/2, somewhat above the temperature at which the gas becomes ionized and hence can
cool. Bottom left panel shows the dark atom mass fraction that has cooled as a function of redshift, and the bottom
right panel shows the mass fraction in the main progenitor that resides in a bulge or the disk; most of the cooled
atomic dark matter was in disks at high redshifts but now resides in the halo.
temperatures, longer tequil, and lower density of coolants
for fixed . On the other hand higher virial temperature
allow ionization and hence cooling for higher values ofmc
compared to mX = 1 GeV case. We note that, for the
considered range of αX andmc, a dark proton withmX =
0.1 GeV would result in smaller virial temperatures for
Milky Way-like halos, such that cooling would occur in
only a small fraction of the parameter space.
IV. MASS OF DARK STARS
This section estimates the characteristic mass of dark
atom fragments, which we use in the next section to
constrain dark atom models. These fragments are the
end product of cooling, analogous to stars in the bary-
onic sector. Assuming the dark proton and electron
are fermions, these fragments are likely to be the dark
analog of white dwarfs (although the timescale to ra-
diate energy and reach this limit could be long), or, if
they are above the dark atom’s Chandrasekhar mass of
≈ 1.4 (GeV/mX)1/2M, they are are likely to be black
holes.
In the baryonic sector, observations show that stars
show a characteristic mass of a couple tenths that of the
Sun, with most of the total mass in stars within a factor
of few of this scale, and with a power-law tail in num-
ber density to higher masses with index −2.3 [35]. This
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FIG. 3: Fraction of atomic dark matter that has cooled (left panels), that has formed a disk (middle panels), and
that has formed a bulge (right panels) as a function of dark fine structure constant, αX , and dark electron mass, mc.
We have fixed the dark proton mass at mX = 1 GeV (top panels) and mX = 10 GeV (bottom panels) and all
calculations assume that 5% of the dark matter is atomic. Dark disks only forms in a small region of parameter
space. Note that the ridges are an artifact of the grid spacing used for these calculations.
mass distribution holds over environments enriched with
a broad range of metallicities, although it is believed that
stars that form in unenriched regions were more mas-
sive. Explaining the characteristic mass of stars is a topic
of ongoing theoretical and numerical work, but there is
a basic picture for how the characteristic mass of stars
comes about [36–40]. The picture is of gas fragmenting on
smaller and smaller scales as it cools, loses pressure sup-
port, and condenses. Namely, diffuse cooling gas tends to
stay isothermal, and as isothermal gas gets denser, sound
waves can communicate over increasingly less massive re-
gions in a gravitational collapse time (tdyn). The length
and mass scale over which sound waves can travel in a
dynamical time is called the Jeans radius and Jeans mass
and given respectively by
RJ =
(
15T
4piGm2XnX
)1/2
and MJ =
4pi
3
mXnXR
3
J ,
(8)
where nX is the dark proton density. Eventually, the gas
9becomes dense enough that it is no longer able to radiate
its energy sufficiently and heats up, halting fragmenta-
tion. The stellar mass scale arises from evaluating Eq. 8
at the applicable temperatures and densities.12
Theoretical calculations for the size of these cores in
metal enriched environments tend to be M ∼ 10−2 −
10−1M [36–38], somewhat smaller than the character-
istic mass of stars.13 Calculations show that these cores
are larger withMJ ∼ 500 M [42] in environments unen-
riched by stellar nucleosynthesis because the gas radiates
less efficiently and, hence, does not reach as low tem-
peratures. For more massive protostars, stellar radiation
likely halts accretion: For unenriched environments, cal-
culations predict that this occurs at somewhat smaller
masses than the Jeans mass,M ∼ 100 M [42, 43]. How-
ever, without fusion power – the limit that we assume
applies for atomic dark matter – the characteristic mass
of ‘dark clumps’ would likely be closer to MJ . (Since our
atomic matter does not have nuclear physics, we do not
call the clumps ‘stars’.)
Our approach is similar to that developed for baryons.
We will evaluate the Jeans Mass, Eq. 8, at the temper-
ature and density where gas cannot cool efficiently. For
these calculations, we assume that the cooling radiation
of dark fragments is insufficient to affect surrounding gas
and its fragmentation; such feedback does happen for
standard baryons. However, because of nuclear fusion,
radiation is much more important for baryons than if
they were powered solely by gravitational energy: For
a solar mass star, there is more than a hundred times
more energy to fuse the hydrogen into helium than the
gravitational energy to collapse to a degeneracy pressure
supported white dwarf. Thus, it is likely that radiative
feedback can be neglected, particularly in the parameter
space where the dark clumps are less massive than stars.
In addition, whether dark fragments even radiate ioniz-
ing and dissociating photons depends on the temperature
of their atmospheres and how it compares to the binding
energy of dark atoms, α2Xmc. With no internal energy
generation, it is likely that a dark fragment’s surface has
a low temperature as it collapses.14
12 For the baryonic gas in our universe, deuterium burning and dust
formation can complicate this simple picture, wrinkles that do
not apply to our atomic dark matter fragments.
13 Small protostars may continue to accrete an O(10) factor in gas
because the acoustic contact at an earlier time was over a larger
region such that the gas was able to self organize over larger
masses than the minimum fragmentation mass [41].
14 Even if there were some internal energy generation, such as from
dark matter annihilations, the unimportance of radiation back-
grounds likely still holds for much of our parameter space. For
baryonic matter, Carter [44] notes that it is even a conspiracy
that stars like the Sun exist and slightly smaller α would result
in all stars being dominated by convective energy transport and
hence red. In addition, even if the dark clumps radiate ionizing
photons, photoionization tends to be a relatively weak form of
feedback that has trouble halting ionized gas from cooling.
A. dark atomic cooling
Let us begin by assuming that the gas can cool only via
atomic cooling and that there are no molecules present.
We discuss the case with molecules in the next section.
In the case of atomic cooling, we expect regions where
gas can cool efficiently at halo densities will allow the
gas to cool to T ∼ 0.1BX , reminding you that BX is the
binding energy of dark hydrogen. Both bremsstrahlung
and atomic cooling become increasingly efficient with de-
creasing temperature, driving the gas to lower and lower
temperatures. However, below T ∼ 0.1BX , their are in-
sufficient dark electrons in the Maxwellian tail to excite
line cooling and also the gas starts to become neutral,
which further shuts off all cooling processes. The exact
temperature the gas cools to depends on n, mc, and αX ,
but the prefactor of 0.1 is rather generic owing the strong
exponential dependence both of the ionized fraction and
collisional cooling on temperature.
One of the ways cooling can become inefficient is if
the gas reaches thermal equilibrium. However, it is diffi-
cult for the lowest allowed atomic transitions in the gas
to reach thermal equilibrium because the transition times
are short, with atomic hydrogen’s spontaneous transition
rate from the 2p to 1s being roughly A21 ∼ 109 s−1, scal-
ing as α5Xmc. The number density at which collisional
excitations become equal to spontaneous decays so that
dark atomic transitions go into thermal equilibrium is
nTE = 3× 1019cm−3 ×
(αX
α
)6(mc
me
)3
, (9)
where we have assumed a collision rate of Γcoll =
nXpiαXa
2
0f at a temperature of T =
BX
10 , where a0 is
the ‘Bohr radius’. Here f ∼ 10−3 is the exponentially
small fraction of electrons in the Maxwellian tail that
can collisionally excite transitions. We find that nTE
is not achieved in any of our parameter space. When
transitions are not in thermal equilibrium, the gas con-
tinues to cool, condense and fragment, unless the gas
becomes optically thick to a process that destroys cool-
ing lines. The absorption process that is most likely to
set the opacity is free-free absorption (the inverse process
of bremsstrahlung). For the free free optical depth to be
unity for a cloud of size the Jeans radius (Eq. 8) at the
Lyα line for hydrogen – the major atomic cooling line –
we find
nff = 7× 109cm−3
(αX
α
)2(mc
me
)3(
mX
mp
)2/3
(10)
where we have assumed a temperature of T = 0.1BX .15
This gives us the scaling of the Jeans mass due to final
15 If we evaluated at ν ∼ T characteristic of free-free emission,
we would find two orders of magnitude lower densities (and one
10
density set by free-free opacity as
MffJ ' 1800M ×
(αX
α
)2(mX
mp
)−7/3
(11)
For values of αX larger than the fine structure con-
stant, it is possible that Compton and double Comp-
ton scatterings destroy the Lyα line more efficiently (for
smaller densities) than free free absorption. However it
is not obvious whether thermalization proceeds efficiently
at these densities. We ignore this possibility here.
Finally, we ignore two other thermalization processes:
bound-free absorption and H− absorption. Both of these
processes are extremely temperature dependent and so
their effects on opacity are difficult to calculate. Bound-
free needs to be from electrons in the n = 2 state,
which are suppressed by density (with fraction equaling
n/ncrit exp[−∆E/T ]) and by ionization. Furthermore,
unlike free-free, both processes tends to be narrow band
owing to the photoionization cross sections generically
scaling as ν−3; this allows the gas to cool at other wave-
lengths or, if such cooling is sufficiently blocked, to heat
up and collisionally ionize these absorbers. Furthermore,
these absorbers are more sensitive to dissociating ionizing
backgrounds.
Figure 4 shows the estimated mass of stars, estimated
usingMJ for T = α2Xmc/10 and evaluated for when cool-
ing becomes inefficient owing to free-free absorption, nff .
With the mc dependence of M
ff
J in Eq. 11, Jeans mass
only depends on α2X and the higher the αX the higher
the mass. The Jeans mass also decreases with increasing
mX .
B. dark molecular cooling
Dark molecules, a bound state between two dark hy-
drogen atoms, could potentially form and enable to gas
to cool to much lower temperatures than atomic cool-
ing. Furthermore, molecules reach thermal equilibrium
at much lower densities owing to their smaller sponta-
neous emission coefficient relative to atoms. These dif-
ferences result in a gas of dark molecules fragmenting on
different scales than one of atoms.
However, it is very difficult to predict whether dark
molecules will form. In our Universe, molecular hydro-
gen formation is typically highly out of thermal equilib-
rium. (At low redshifts, most forms on the surface of
dust grains.) Solving the rate equations for dark hydro-
gen formation to determine whether it can cool the gas is
complex. Additionally, dark hydrogen is easily destroyed
by radiation backgrounds with energies of 0.4α2xmc (and
order of magnitude lower dark clump masses). However, free free
emission is much more likely to be in thermal equilibrium and,
hence, surface emission because equilibrium is established by the
sea of Coulomb interactions.
its catalyst H− is destroyed by 0.05α2xmc ones). Indeed,
once a very small number of baryonic stars formed in the
Universe owing to molecular hydrogen cooling, the dis-
sociating background from these stars is thought to de-
stroy all molecular hydrogen in unenriched environments
[45, 46]. Here we will consider the cases where molecules
can cool the gas for all of our dark parameter space, not-
ing that the case where they cannot was treated in the
previous atomic cooling section.
In analogy to atomic gas, molecules can cool to ∼
α2xm
2
c/mX if it can cool via rotational transitions and
till ∼ α2Xm3/2c /m1/2X through roto-vibrational transitions.
We assume the ∼ are equality for ensuing calculations.
Rotational transitions are forbidden dipole transitions,
whereas they are allowed at quadropole order. The rate
is given by Γquad = α7m−5X m
6
c . Roto-vibrational transi-
tions can proceed through dipole radiation with the rate
given by Γdipole = α5m
−3/2
X m
5/2
c . Not all the parame-
ter space can cool via rotational transitions because the
spontaneous emission timescale can become longer than
the dynamical time. In Fig 5 we show the parameter
space that can cool via rotational transitions
For rotational transitions of H2 molecules, the ther-
mal equilibrium density can be calculated by equating
the interaction rate to the quadropole radiation rate i.e.
〈nTEσv〉 = Γquad ,where σ = pia20 and a0 is the Bohr ra-
dius. The thermal equilibrium density for the rotational
transitions is given by
nrotTE ∼ 1× 104cm−3
(αX
α
)8(mc
me
)7(
mX
mp
)−4
, (12)
where we have adjusted the coefficient from our approxi-
mate formula to match the precise value found in Bromm
et al. [42] for the standard model, but used our scalings
with mc and mX . Using the final temperature reached
by purely rotational transitions T rot = α2Xmc
mc
mX
and the
number density given in Eq. 12 we get that Jeans mass
scales as
M rotJ ' 1500M ×
(αX
α
)−1(mc
me
)−5/4(
mX
mp
)−3/4
(13)
Note that the above equation is just to indicate the
scaling of the Jeans mass and is not applicable over the
part of the parameter space where purely rotational cool-
ing time is longer than the dynamical time of the halo
and hence cannot cool the gas.
Once the spontaneous emission time becomes longer
than the dynamical time, rotational cooling turns off and
the gas reheats to temperatures where roto-vibrational
transitions can cool the gas. In this circumstance, the
density at which roto-vibrational cooling becomes ineffi-
cient sets the Jeans mass at which fragmentation stops.
The thermal equilibrium density for roto-vibrational
11
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FIG. 4: Estimated mass of dark clumps for atomic cooling case with  = 0.05, mX = 1 GeV or mX = 10 GeV.
These estimates assume that the mass of clumps is determined by the Jeans mass at a density set by when free-free
absorption prohibits atomic line cooling and a temperature characteristic of ionized gas of 0.1α2Xmc. We only
consider parameter space where the gas has cooled in a 1012M halo.
transition is given by
nvibTE ∼ 2× 1015cm−3
(αX
α
)6(mc
me
)15/4(
mX
mp
)−3/4
,
(14)
Using the final temperature of roto-vibrational cooling
to be T vib = α2Xmc
√
mc
mX
and density given by Eq. 14
we get
MvibJ ' 1M ×
(
mc
me
)3/8(
mX
mp
)−19/8
(15)
Note that the above equation is to demonstrate scaling
of the Jeans mass and is applicable only to the parts
of the parameter space where purely rotational cooling
cannot cool the gas. Since roto-vibrational transitions
occur over much smaller timescales, this process allows
the gas to cool to much larger densities which results into
much lower Jeans mass.
In Fig. 5 we have plotted the expected Jeans mass
over the parameter space that cools. As long as the
spontaneous emission timescale is less than the min-
imum dynamical time – larger values of αX and mc
that we consider – , cooling through purely rotational
transitions sets the minimum Jeans mass (fragmentation
mass). Whereas for the lowest values of αX and mc,
roto-vibrational transitions shapes the clump size.
Thus atomic and molecular cooling give us a wide
range of Jeans masses (10−3M − 106M) over our pa-
rameter space. Molecular cooling generally gives smaller
Jeans masses than atomic cooling.
V. CONSTRAINTS ON DARK BARYONS
In the previous sections, we calculated the mass of
dark clumps assuming both atomic and molecular cool-
ing. Since the Jeans mass sets the scale of fragmentation
of the gas, we can assume that the mass of the dark
clusters is approximately the minimum Jeans mass over
its condensation history. We note that it would be un-
surprising for our characteristic mass to misestimate the
actual mass by an order of magnitude. We again take
solace in that the large parameter space of models means
that an order of magnitude shift in characteristic clump
mass often shifts the ruled-out regions marginally. In ad-
dition, one of our most stringent constraints turns out
not to depend on the masses of the dark clumps.
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FIG. 5: Characteristic minimum clump mass in the efficient molecular cooling scenario, for models with  = 0.05
and either mX = 1 GeV or mX = 10 GeV. The clump mass is set by the minimum Jeans mass a collapsing gas
parcel attains, which is set by when cooling becomes inefficient.
A. dynamical modeling (and strong lensing) mass
estimates compared with mass-to-light ratio mass
estimates
This class of constraints is simpler as it does not de-
pend on the additional step of estimating the mass of
the dark clumps. Astronomers understand how to map
stellar luminosity of a galaxy to its mass in stars at the
factor of two level from studies that have modeled in de-
tail populations of stars. The factor of two estimated
error stems from the amount the mass-to-light ratio vary
between different models [47]. Thus, we can observe the
light of galaxies and use this to estimate the mass in stars.
These mass estimates can be compared with modeling
that determines the enclosed mass, either by observing
galactic rotation curves or by using strong gravitational
lensing (and on scales where standard dark matter should
be a small contribution to the density). Unlike the mass-
to-light estimates, these other mass estimates are sensi-
tive to the enclosed mass in atomic dark matter. Thus,
atomic dark matter in a bulge or disk cannot contribute
more than the mass already in stars, as the mass in stars
is approximately the error on mass-to-light inferences.
Let us first examine the case of the Milky Way. Since
only two percent of the Milky Way halo’s mass is in the
Milky Way galaxy itself [34], this constrains
×
{
fbulge
(
rMW
rs
∣∣∣
bulge
)3
+ fdisk
(
rMW
rs
∣∣∣
disk
)2}
. 0.02
(16)
where rMW is the Milky Way stellar radius and rs is the
dark atom radius, either in the bulge or disk. We take
rMW = 3 kpc. Our calculations show that the region of
our parameter space where a disk forms has rs ≈ 2 rMW,
although the difference from equality may owe to simplifi-
cations in our semi-analytic model (the assumed isother-
mal potential model overestimates the disk size and we
did not model the distribution of halo spin parameters
rather assuming the mean). However, in most of the re-
maining parameter space where a disk does not form and
the cooling is efficient rs < rMW, leading to stronger con-
straints on . The constraints on dark baryon parameter
space assuming  = 0.05 have been shown in Fig. 6.
An equivalent constraint was published recently which
constrained the surface mass density ΣMW (and hence
the galaxy mass) of our Milky Way disk by using stellar
velocity data from Gaia sattelite [48]. However this study
assumed that the entire parameter space of dark baryons
that can cool forms a dark disk and contributes directly
to ΣMW. Since this assumption is not valid for most of
our parameter space we do not use this constraint.
In more massive halos than the Milky Way, the anal-
13
ogous constraint may be even stronger as the stellar-to-
halo mass fraction is found to decrease with halo mass as
Mstars/MDM ≈ 0.02
(
MDM/[10
12M]
)−0.5 [34]. Sonnen-
feld et al. [49] and Posacki et al. [50] have constrained
the masses in galaxies in the range of 1013 − 1014.5M
from dynamical modeling combined with strong lensing
mass estimates. We expect these measurements to be
extremely constraining as, for example, the mass of a
galaxy in a 1014M halo is 2 × 10−3 its halo mass, so
naively a disk or bulge of 2×10−3 in atomic dark matter
would be ruled out. However, deriving bounds from these
more massive halos requires simulating a 1014M merger
tree to calculate bulge sizes, as in some parameter space
a small fraction of the dark matter may reside in a bulge.
B. constraints from ultra-faint dwarf galaxies
Dynamical friction is a gravitational effect in which a
heavier object deflects lighter ones, leaving a wake in its
path, and the mass in this wake causes it to lose momen-
tum and spiral towards the center of the potential. The
momentum lost by the heavier object is then gained by
lighter objects, ‘heating’ them and causing their distribu-
tion to become more extended. In the parameter space in
which dark clumps are considerably heavier than (bary-
onic) stars, dynamical friction acting on the dark clumps
would increase the size of star clusters until they ‘dis-
solve’ in their host galaxy. Similarly, the stars in the
galaxy themselves would experience the same ‘heating,’
potentially increasing their half-light radius.
Such constraints from dynamical friction heating are
the strongest for the ultra-faint dwarf galaxies, satel-
lites of Milky Way and Andromeda with halo masses of
∼ 1010M – the smallest galaxies and halos that are
known. Ultra-faint dwarf galaxies are the most dark
matter-dominated systems in the Universe. In particular,
we can translate the MACHO and primordial black hole
constraints from [51] over to our dark baryons parameter
space, which yields
× fcooled ×MADM ≥ 10M,
where MADM is the mass of atomic dark matter clumps
and fcooled is the fraction of gas cooled. The above bound
comes from assuming the time to increase in half-light
radii of the ultra-faint dwarf galaxies from 2 pc to 30 pc
is larger than 10 Gyr (see Fig. 3 in [51]).16
This constraint from ultra-faint dwarfs is show in Fig.
6. We did a merger tree simulation for 1010M to es-
timate the parameter space where the ‘dark atoms’ can
cool and form dark clumps. We have not included the
fact that in parts of the parameter space with large
spheroid fractions the dark clumps will be much more
16 Stronger bounds can be derived from the same paper using the
evaporation of stellar clusters in the Eri II galaxy.
concentrated near the center of dwarf galaxy increasing
(by a huge factor) the rate of ‘heating’ caused by their
dynamic friction. Nevertheless, even with this extremely
conservative assumption, much of the parameter space in
which MADM > 200M is ruled out.
C. microlensing constraints
The dark clumps will act as gravitational lenses to
stars, leading to enhancements in flux of these stars that
are of the order one when the star passes in projection
within the Einstein radius of a lens, RE . The timescale
for this enhancement is tml ∼ RE/v, which corresponds
to of the order 100 days for a solar mass star, assuming
that the the relative velocity of the star with respect to
the lens is a Milky Way-like v = 200 km s−1.
On a halo scale, the MACHO survey offers the best
constraints on dark clumps [52]. This survey searched
for stellar lensing events towards the Large Magellanic
Clouds. MACHO constrains dark clumps distributed like
an NFW halo to be < 10% of the dark matter for masses
in the range 10−7−10−3M [53], and < 40% of the dark
matter for M = 1 − 30 [49, 50], and somewhat weaker
constraints between these ranges (although there are also
more lenses than expected in this range, allowing for tens
of percent of the dark matter). Unfortunately, because
we consider  < 0.05 and in most of our cooling scenarios
the dark clumps are more concentrated than the halo
dark matter, which suppresses the lensing efficiency by
the fractional distance to the lens relative to a lens at half
the source distance (for us a factor of > 10), halo-scale
microlensing does not constrain viable parameter space
for atomic dark matter.
Galactic microlensing surveys, which instead use
source stars within the Milky Way, provide more of a
constraint on our model. The OGLE survey detects thou-
sands of lensing events, with the histogram of event du-
rations peaking at 30 days, as expected for stars – few
tenths of solar mass objects [54]. Less than a tenth of
events that occur have 3 day timescale, which would
correspond to MADM ∼ 10−3M. Thus, the num-
ber of solar mass objects relative to stars should be
ρADM = 0.1 ([0.1M]/MADM)
1/2
ρ∗, where the factor in
parentheses accounts for the higher rate of lower mass
lenses and ρ∗ is the number density in stars and we have
taken their characteristic mass to be 0.1M. Thus, for
MADM ∼ 10−3M, ρADM < ρ∗. Finally, note that the
mass in stars in Milky Way-like galaxy is estimated to be
≈ 0.02MDM from galaxy–halo abundance matching [34].
Thus, if all the dark clumps are in a disk, using that
ρ∗ ∝ 0.02MDM/[0.1M] and using  = 0.05 we get
fdisk . 4× 10−3 for MADM ∼ 10−3M. (17)
The constraints are less stringent on the case where the
lensing is from a bulge, where since a bulge is more ex-
tended, within the plane of the galaxy ldisk/Rbulge ∼ 0.1
14
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FIG. 6: Excluded regions for atomic dark matter models with  = 0.05 and either mX = 1 GeV or mX = 10 GeV
derived from different galaxy mass estimates (Section VA) and from ultra-faint dwarf galaxies (Section VB). The
background shading shows the average bulge + disk mass fraction for 1012M halos following the semi-analytic
calculation described in Section III.
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and hence
fbulge . 4× 10−2 for MADM ∼ 10−3M. (18)
This neglects that some source stars that have been sur-
veyed are bulge stars, which will be more sensitive to
bulge atomic dark matter.
These constraints are extremely powerful and are likely
to rule out much of the dark atom parameter space for
mX = 10 GeV in the the molecular cooling scenario,
where we find MADM ∼ 10−3M (and roto-vibrational
cooling is dominant). However, it does not rule out any
of our dark atom parameter space formX = 1 GeV, since
the characteristic mass scale there is > 10−1M.
The above estimates are mostly for illustration, and we
do not include the microlensing constraints in 6. In order
to derive proper constraints one would need to take into
account the correct spheroidal radius of our ‘dark galaxy,’
which can change the distances between lens and source
and the correct modeling of the spread in the lensing
timescales.
Future shorter cadence microlensing surveys should be
powerful for constraining the sub-solar mass atomic dark
matter parameter space, such as the upcoming NASA
mission WFIRST.17 WFIRST will be sensitive to lenses
with masses as small as 10−8M [55], providing ex-
tremely sensitive constraints on  in our models, espe-
cially in the regions where roto-vibrational molecular
cooling sets the mass of stars. The limitation for such
constraints comes from not knowing how much mass re-
sides in planets and asteroids in the Galaxy. Models pre-
dict planet/asteroid mass densities that are at least two
orders of magnitude down from the mass in stars (and
their masses are concentrated at certain scales). Thus,
future microlensing surveys will dramatically constrain 
for our parameter space with MADM . 10−3M.
VI. CONCLUSIONS
This paper explored the constraints on a fraction of
the dark matter being two darkly charged particles with
a large mass ratio and a massless force carrier. In such
models, the dark matter can cool and exhibit interesting
dynamics. Previous studies assumed that, in parameter
space where the dark matter can cool, it would form a
disk [e.g. 19]. This paper investigated this assumption
by running more detailed ‘semi-analytic galaxy forma-
tion models’, a technique borrowed from studies of galaxy
evolution. These models track the distribution of atomic
dark matter by considering the timescales for energy ex-
change, cooling, and dynamical friction on top of realiza-
tions for the growth and merger histories of dark matter
halos. By running a large grid of such calculations, we
found that – if the atomic dark matter can cool – only in a
17 https://wfirst.gsfc.nasa.gov/
narrow range of parameter space does it cool late enough
for a disk to remain. Rather, in most of the parame-
ter space, the cooling occurs at relatively high redshifts.
As cooling is a runaway process, the end result will be
dense clumps that behave collisionlessly when galaxies
merge. Thus, once the atomic dark matter has cooled
and merged with a dark disk of comparable mass, the re-
sulting gravitational torques will destroy the dark disk,
resulting in a spheroidal bulge on galactic scales. Addi-
tionally, when smaller systems merge with larger ones,
there is often insufficient time to spiral to the center by
dynamical friction and, indeed, we find for a Milky Way-
like halo that most of the atomic dark matter remains
distributed on the 200 kpc scale of the dark matter halo.
The conclusion that z = 0 atomic dark matter disks are
unlikely is not surprising when considering how the stan-
dard model baryons behave. Even though the standard
model baryons can cool in 108 − 1012M halos on a cos-
mologically short time, stellar feedback (driven largely by
supernovae) dramatically suppresses the formation and
growth of galaxies, mimicking the effect of much longer
cooling times. Indeed, the Milky Way galaxy contains
only ∼ 10% of the baryons that should be present given
its halo mass because of feedback, and this fraction dra-
matically decreases in smaller mass halos as feedback
becomes more effective. The low masses of galaxies in
smaller halos results in, even after a merger that disrupts
their disks, significant growth of a new disk as uncooled
baryons cool in the merged system. However, without
stellar feedback, a large fraction of the baryons would
have turned into stars in disks at much earlier times,
and later merging and disruption would result mainly in
spheroidal bulges or more diffuse distributions. Indeed,
stars distributed in bulges or on the halo-scale are exactly
the picture for the distribution of stars in more massive
halos than the Milky Way’s.
Thus, previous constraints, which assumed that all the
atomic dark matter resides in a disk, do not apply to most
atomic dark matter parameter space. Still, we found that
there were interesting constraints on the dark atom sce-
nario. Indeed, much of the parameter space for atomic
dark matter is ruled out if five percent of the dark matter
is atomic ( = 0.05) by mass-to-light ratio measurements
coupled with dynamical modeling of the Milky Way ro-
tation curve. A dark bulge can also be constrained by
MACHO constraints as cooling dark atoms would con-
dense into dense clumps analogous to how the baryons
fragment on solar mass scales. The size of fragments is
set by the scale at which the gas can fragment – the dis-
tance a sound wave travels in a collapse time – reaches
a minimum, which happens when cooling becomes ineffi-
cient. We argued that this scale is likely set by the onset
of free-free opacity, unless the dark matter is able to form
sufficient molecules to cool. Then, this scale is set by
when the rotational or vibrational transitions reach ther-
mal equilibrium. These scales enable rough estimates for
the size of dark matter fragments. We found that much
of the parameter space for substantial dark fragments is
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constrained by Galactic microlensing and the small half-
light radii of ultra-faint dwarf satellite galaxies. While
current microlensing constraints only constrain a frac-
tion of this allowed parameter space with ∼ 10−3M,
the WFIRST satellite should be able to rule out dark
clumps masses of 10−8 − 10−4M even for the case of
 ∼ 10−3. More massive dark clumps are ruled out by
ultra-faint dwarf satellites for  ∼ 0.05.
A concern is whether our assumption of no feedback in
the dark sector is reasonable. We note that small tweaks
to the standard model would turn off stellar feedback pro-
cesses – a smaller fine structure constant would make all
stars red [44], eliminating radiative feedback, and Type
II supernovae likely would not explode with even minor
tweaks to any standard model force. A minimal atomic
dark matter model does not have ‘dark nuclear physics’,
such that the standard mechanisms that power feedback
are not present. A natural extension of the atomic dark
matter that would feedback would be to allow dark mat-
ter to annihilate at the center of our clumps, powering
dark stars. If there is a coupling to the SM, these stars
could manifest as Galactic point sources [56].
Our calculations have relevance for considerations of
how tuned our universe is for life. Previous anthropic
studies that focused on cosmology and astrophysics have
analyzed the apparent fine-tuning of the cosmic initial
conditions to have nonlinear structure on galactic scales
[57–59] and of the fundamental constants to have stars
and supernovae [60–63]. Our study shows that the
space in between structure formation and star formation
also requires tuning to produce (1) cooled gas, (2) well-
ordered galactic disks of stars, and (3) Chandrasekhar
mass stars as is necessary for supernovae. We found that
in order to gas to cool, the dark electron must be < 10−2
MeV mass, and the proton must be not much heavier
than ∼ 10 GeV (to prevent large virial temperature and
large equlibration times with electrons) or much lighter
than ∼ 1 GeV (to prevent the virial temperature from
being too small for the gas to ionize and cool). Finally,
our results highlight the importance of stellar feedback
in shaping our galactic disk. Studies have found that liv-
ing at the edge of an ordered spiral galaxy may enhance
habitability [e.g. 64].
While there are many deficiencies with this work
(such as determining whether molecules would form,
the exact spectrum of dark fragments, and whether
feedback operates) remedying these deficiencies could be
challenging (as all of these example are likely coupled).
However, if an excess of microlensing events is discov-
ered, a plethora of unexplained γ-ray point sources, or
too many massive merging black holes are found by
gravitational wave observatories (perhaps with masses
that were not anticipated for stellar remnants;[65]), such
observations could motivate additional effort towards
understanding atomic dark matter.
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Appendix A: Atomic Cooling
Atomic cooling happens when a (dark) electron loses
energy after colliding with an atom via collisional ioniza-
tion or collisional excitation. The cross-section for colli-
sional ionization is given by [66, 67]
σion =
8pia20
K
B +
3
2
[
log
(
K
B
)
2
(
1−
(
K
B
)−2)
(A1)
+
(
1−
(
K
B
)−1
− log
(
K
B
)
1 + KB
)]
, (A2)
and that of collisional excitation of the Lyα line is given
by [68]
σcoll =
4pia20B
K + 7B4
[
0.55
(
−0.89 + log
(
4K
B
)
+ 0.208
B
K
)]
(A3)
where a0 is the Bohr Radius, B is the binding energy
and K is the kinetic energy of the incoming electron.
Integrating these cross section over thermal distribution
of electrons and multiplying by the number of electrons
yields
Γatomic = x (1− x)nc(z)
(
〈σv〉ion + 3
4
〈σv〉coll
)
, (A4)
where we have ignored the cross section for the collisional
excitation into other states and 〈σv〉ion, 〈σv〉coll are the
velocity-averaged collisional ionization and collisional ex-
citation cross sections, respectively. The only undeter-
mined part here is the ionization fraction x, which is a
function of temperature and can be calculated by com-
paring recombination rates and ionization rates:
x =
〈σionv〉
〈σionv〉+ 2 〈σrecv〉 . (A5)
The velocity averaged recombination cross section can be
calculated by using Milne relations and is given by (see
Ch.10 in [69])
〈σrecv〉 = pia20
64
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Appendix B: Merger Tree Algorithm
In this Appendix we will describe the method and pseu-
docode for the creation of a merger tree and the tech-
niques and pseudocode we use to go through the merger
process to study galaxy formation. We will start by de-
scribing the merger tree formation process. Our algo-
rithm is largely the same as that of [27, 31]; please consult
this reference for a more thorough description.
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1. Merger Tree Creation
The matter overdensity field in our universe is to excel-
lent approximation at Gaussian with standard deviation
as a function of halo mass M today as
S(M) ≡ σ2(M) =
∫
k2dk
2pi2
P (k)
(
j1(kR)
kR
)2
, (B1)
where P (k) is the z = 0 linear matter power spectrum,
j1 is the spherical Bessel function, and R = (3M/4pi)1/3
is the Lagrangian radius.
To determine the merger history of a single dark matter
halo at z = 0 there is a well-tested prescription called a
‘halo merger tree’ that can be derived from the model de-
scribed in [27] by solving simple diffusion equation, with
“time” being the smoothing scale R and “position” being
the variance of the density, with an absorbing boundary.
The diffusion describes how the overdensity of different
regions varies as a function of R: When an overdensity
hits the absorbing boundary (also called the “barrier”),
which evolves with redshift according to Eq. 7, it has
collapsed into a halo in this model. The probability that
a halo of mass M1(or a corresponding variance of the
overdensity S1) at time ω(z1) = ω1 will contribute to a
halo of size M2 (S2) at time ω(z2) = ω2 is given by
f(S1, ω1|S2, ω2) = ω1 − ω2√
2pi(S1 − S2)3
e
− (ω1−ω2)2
2(S1−S2) . (B2)
This expression gives the distribution a halos at z1 that
merge into a halo of size S2 at redshift z2 and, hence, can
be used to generate a merger tree.
Equation B2 describes the distribution of the fraction
of mass in halos of mass M2 at time t2 that at an earlier
time, t1, was part of a halo of mass M1. The expression
can be used to generate a merger history of our halo
by drawing from this probability distribution: Imagine
we take an infinitesimal time step dt1; the number of
subhalos of mass M2 that M1 fragments into is given by
dN
dM1
=
df12
dt1
M2
M1
dt1, (B3)
where
df12
dt1
∣∣∣
t1=t2
=
1
(2pi)1/2(S1 − S2)3/2
dδc1
dt1
dS1(M)
dM
. (B4)
It follows that the probability that the halo M2 splits
into a halo of mass M1 such that Mres < M1 < M2/2 is
given by
P (M2) =
∫ M2/2
Mres
dN
dM1
dM1 (B5)
where Mres is the resolution mass below which our simu-
lation does not resolve individual halos. In order to take
into account halos below Mres, the fraction of mass in
these halos that is ‘accreted’ is given by
F (M1,M2) =
∫ Mres
0
dN
dM1
M1
M2
dM1. (B6)
The particular specifications we use for our merger tree
calculations are as follows. We generate the merger tree
between zi = 0 to zf = 10 and with mass resolution
Mres = 3 × 107M. We then divide the time ti to tf
into logarithmic time steps. The number of time steps
is chosen such that P  1, making it unlikely there is
more than one splitting of a halo at a given timestep.
For the purposes of generating our merger tree, we used
tsteps = 7000. For most of our calculations, our starting
(z = 0) mass is M2 = 1012M. Pseudocode for the
merger tree algorithm is given in Fig. 7. We use the
merger tree generated by the above algorithm to study
galactic-scale structure of atomic dark matter.
2. Galaxy Formation
Now that we have constructed the merger tree, we use
it to follow the cooling and contraction of dark atoms
and, hence, their galactic-scale structure. We start at
the top of our merger tree at z = 10. As we walk the tree
towards z = 0, we follow the halos as their atomic dark
matter cools and as the halos merge with each other. The
rules we apply follow the semi-analytic galaxy formation
algorithm of [27], except that we use the timescales rel-
evant to the atomic dark matter model of interest. In
what follows, we describe these rules.
First, we trace each halo from its smallest progeni-
tors through all mergers it experiences. The lifetime of a
halo is defined as the time it takes for the halo to double
in mass. Mass doubling can be driven by accretion, by
merging with a larger halo, or by a combination of accre-
tion and mergers. During a halo’s lifetime, we take its
properties (Tvir, tdyn, etc.) to be those at formation. Ha-
los whose mass increases above the resolution mass,Mres,
as we follow the merger tree are defined to have formed
at the earliest time at which its mass satisfies M > Mres.
Next, at every time step in which two halos merge, we
check if all the halos were able to cool during their life-
time. The cooled dark atoms have three components: a
halo component (which has not contracted), and a disk or
bulge component (that is comparable in size to a galaxy).
When the gas in a halo cools, it first ends up contribut-
ing to the disk. We keep track of the mass in all three
components for each halo.
At every time step in which two halos merge we check
if all the halos at that time step were able to cool during
their lifetime i.e. since the time the new halo they are
associated with was defined to have formed. Every galaxy
has two components i.e. the disk and the bulge. When
the gas in a halo cools it ends up contributing to the disk
of the galaxy . At all the time steps we consider, we
keep track of fraction of mass in the disk and bulge of
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FIG. 7: Merger tree algorithm. See appendix B 1 for relevant definitions.
1: procedure Merger(1012M) . Merger tree function evaluated for halo mass of 1012M
2: for i = 0 to nsteps do
3: M1 = [] . no daughter halos at the beginning
4: index = [] . keeps track of the halo index that splits
5: for j in M2 do . scan the parent halos
6: if rand < P (M2 [j]) then . halo splits if uniform random number meets condition
7: Md1 = rand(Mres,M2 [j] /2) . randomly pick daughter halo mass between Mres and M22 consistent with B2
8: Md2 =M2 [j] (1− F (M2 [j]))−Md1 . reduce the accreted fraction from parent halo and subtract the split
halo mass
9: M1 =M1.append(Md1,Md2) . append the daughter halos to array keeping track of daughter halos
10: index = index.append(j) . store index the number of the parent halo that split
11: else if M2 [j] > Mres then . If M2 is above the resolution mass and does not split
12: M1 =M1.append(M2 [j] (1− F (M2 [j]))) . subtract the accreted mass
13: else . if M2 [j] < Mres
14: do nothing . If M2 [j] ≤Mres the halo stops evolving
15: end if
16: end for
17: M2 =M1 . Set the daughter halo array to be the parent halo array for next step
18: end for
19: end procedure
the central galaxy and the total fraction of baryons that
have cooled.
When a new halo forms we list all its satellite halos i.e.
the halos that merged with it during its formation. We
only keep track of the satellite halos that merged with it
i.e. we don’t care about the substructure of the merging
satellite halos. The merging process is governed by dy-
namical friction. Dynamical friction can be thought of
in the following terms. The satellite halo moves through
a cloud of smaller mass object gravitationally dragging
them alongwith producing a ‘gravitational wake’. The
gravitational force of the objects in the ‘gravitational
wake’ on the satellite halo causes it to slow down and
merge into the central halo. The merger time is given by
[27]
tmrg = Θ tdyn
0.3722
ln (M/Msat)
M
Msat
(B7)
where M is the total mass of the new halo, Msat is the
mass of the merging satellite galaxy including the mass
of the halo it is in, tdyn is the dynamical time given in
Eq. 2, and Θ = 10−0.14 is a orbital parameter which
parametrizes the energy and orbital angular momentum
of the merging satellite (See [27]) .18 The atomic dark
matter bulges/disks that do not merge with the cen-
tral bulge/disk in the lifetime of the halo become the
satellite galaxies of the new halo. Every time a satel-
lite merges with a central disk, the disk is disrupted if
the masses of the two “galaxies” are comparable so there
mutual gravitational forces destroy the disk. We take
0.5Mcen ≤Msat ≤ 2Mcen for disruption to occur as moti-
vated by numerical studies, but we find our results are not
significantly changed if instead disruption occurs when
0.3Mcen ≤ Msat ≤ 3Mcen. The end result of the dis-
rupted merged system is a spheroidal bulge. Otherwise,
the disk is not destroyed and the satellite contributes to
the “galaxy” bulge. We also track the radii of the disk
when they form and through their mergers. The radius
of a disk or bulge within a halo is given by
rgal =
λ√
2
rvir (M, z) , (B8)
where λ = 0.039 is the mean spin parameter found in cos-
mological simulations and rvir (M, z) is the virial radius
of the halo with mass M and the redshift z at which the
gas cools to form a “galaxy” [26].19 In case any additional
gas accretes onto an existing disk at a lower redshift, we
take the mass-weighted average of the two disk radii to
find the new rgal. In the event of a merger, the new radius
can be calculated as
rgal,new =
(M1 +M2)
2
M21
r1
+
M22
r2
+ 2M1M2r1+r2
. (B9)
Following the above strategy yields the distribution of
atomic dark matter (in the halo, bulge and disk) in a
present day 1012M halo as well as in its daughter halos.
18 Θ has a log-normal distribution with mean of -0.14 and standard
dev of 0.26 in base 10. Here we have used only the mean.
19 While halos show an approximately log-normal distribution of
spin parameters, λ, with half a decade standard deviation, we
model all halos to have the mean λ.
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